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Introduction {#ss1}
============

Arginine/serine (RS) dipeptide repeats are present in a number of cellular proteins, termed SR proteins, that primarily participate in nuclear precursor (pre)‐mRNA splicing \[[1](#b1){ref-type="ref"}, [2](#b2){ref-type="ref"}, [3](#b3){ref-type="ref"}\]. RS domain variants, such as serine and arginine‐rich motifs or arginine--aspartate or arginine--glutamate dipeptide‐rich domains, are also found in many nuclear proteins. In addition to the RS domains, SR splicing factors often contain one or more RNA recognition motifs. SR proteins function in both constitutive and regulated splicing via binding to *cis*‐elements of pre‐mRNA or interaction with other splicing factors. The RS domain interacts with both proteins and RNAs \[[1](#b1){ref-type="ref"}, [2](#b2){ref-type="ref"}, [3](#b3){ref-type="ref"}\]. In particular, intermolecular interactions between SR proteins, which are important for spliceosome assembly and splice site determination during pre‐mRNA splicing, are mediated by their RS domains \[[3](#b3){ref-type="ref"}\]. The RS domain also acts as a nuclear localization signal and targets SR proteins to nuclear speckled domains, where splicing factors are concentrated, for storage \[[1](#b1){ref-type="ref"}\].

An important biochemical property of the RS domain is its differential phosphorylation at multiple serine and threonine residues. The RS domain is primarily phosphorylated by SR protein‐specific kinases (SRPKs), and the Clk/Sty family of kinases, and is probably dephosphorylated by protein phosphatase (PP)1/PP2A family phosphatases \[[2](#b2){ref-type="ref"}, [4](#b4){ref-type="ref"}\]. RS domain phosphorylation can modulate protein--protein and protein--RNA interactions of SR proteins \[[1](#b1){ref-type="ref"}, [2](#b2){ref-type="ref"}, [3](#b3){ref-type="ref"}, [4](#b4){ref-type="ref"}, [5](#b5){ref-type="ref"}\]. Reversible phosphorylation of SR proteins is important for assembly and function of the spliceosome and for proper regulation of alternative splicing, and also controls their subnuclear localization and nucleocytoplasmic transport \[[1](#b1){ref-type="ref"}, [2](#b2){ref-type="ref"}, [3](#b3){ref-type="ref"}, [4](#b4){ref-type="ref"}, [5](#b5){ref-type="ref"}, [6](#b6){ref-type="ref"}\]. Moreover, environmental signals or viral infection can control the phosphorylation status of SR proteins, and subsequently affect mRNA splicing patterns \[[7](#b7){ref-type="ref"}, [8](#b8){ref-type="ref"}\].

Authentic RS domain and its variants can also be found in some virus‐encoded proteins. For example, the human papillomavirus (HPV) E2 transcriptional regulator contains a prototypical RS domain \[[9](#b9){ref-type="ref"}\]. Moreover, various lengths of the R/S‐rich motifs are found in some other viral proteins, such as the human hepatitis B virus (HBV) core protein and coronavirus nucleocapsid (N) protein \[[10](#b10){ref-type="ref"}, [11](#b11){ref-type="ref"}, [12](#b12){ref-type="ref"}\]. SR protein kinases may phosphorylate these viral proteins and thus modulate viral activities in the infected host \[[12](#b12){ref-type="ref"}, [13](#b13){ref-type="ref"}\]. Also, some viral proteins interact with cellular SR proteins, and thereby may influence host or viral gene expression at the post‐transcriptional level. In this review, we describe these viral SR proteins and also discuss the interplay between host and virus via their RS domain‐containing proteins.

Virus‐encoded SR proteins {#ss2}
=========================

HPV E2 protein {#ss3}
--------------

HPVs are a large family of small, double‐stranded DNA viruses. HPV infection causes a variety of cutaneous and mucosal lesions, ranging from warts to neoplasia and even cancer \[[14](#b14){ref-type="ref"}\]. A subset of HPV types are associated with epidermodysplasia verruciformis (EV), a rare hereditary disease characterized by the development of multiple cutaneous warts \[[15](#b15){ref-type="ref"}\]. Certain types of EV HPVs also have oncogenic potential. The E2 protein encoded by HPVs primarily regulates the transcription of early promoters by binding to a consensus element within the long control region of the viral genome, and also functions together with the E1 protein in viral DNA replication \[[16](#b16){ref-type="ref"}\].

The E2 protein consists of the N‐terminal transactivation domain and the C‐terminal DNA‐binding domain. These two functional domains are linked by a hinge region that varies in length and sequence among HPV types. Notably, the relatively long hinge of EV HPV E2 proteins contains RS dipeptide repeats ([Fig. 1](#f1){ref-type="fig"}), which suggests a function in pre‐mRNA splicing. Indeed, an EV HPV E2 protein interacts with cellular splicing factors, including prototypical SR proteins and RS domain‐containing small nuclear ribonucleoprotein (snRNP) components \[[9](#b9){ref-type="ref"}\]. Functional investigation of this E2 protein has indicated that its RS‐rich hinge domain can facilitate splicing of the transcripts made via transactivation by E2 itself \[[9](#b9){ref-type="ref"}\]. Therefore, the EV HPV E2 transactivator may recruit cellular splicing factors to cotranscriptionally facilitate pre‐mRNA splicing, and thus plays a dual role in gene expression.

![ Viral SR proteins. The diagram shows domain structures of the representative viral proteins containing either a canonical RS domain (red) or an R/S‐rich motif (green). In the HBV core protein, three SPRRR motifs are underlined. Phosphorylation of the highlighted serine and threonine residues has been reported (see the text). Different highlights in the DHBV core protein represent different phosphorylation sites determined by three independent studies (see the text). The coronavirus (SARS‐CoV) nucleocapsid protein contains multiple phosphorylation sites (see the text); the two highlighted residues serve as the major phosphorylation sites of SRPK1 *in vitro* \[[12](#b12){ref-type="ref"}\].](FEBS-276-1517-g001){#f1}

HBV core protein {#ss4}
----------------

HBV is a small dsDNA virus that replicates in hepatocytes. Chronic infection with HBV causes hepatocellular carcinoma. The HBV core protein plays several roles during the viral life cycle, including positive‐strand and minus‐strand DNA synthesis, pre‐genomic RNA packaging, and virion formation and release \[[17](#b17){ref-type="ref"}, [18](#b18){ref-type="ref"}\]. This core protein is a phosphoprotein, and its function may be modulated by phosphorylation \[[10](#b10){ref-type="ref"}, [18](#b18){ref-type="ref"}, [19](#b19){ref-type="ref"}, [20](#b20){ref-type="ref"}\]. The C‐terminal region of the core protein contains several nonconsecutive RS dipeptides as well as three SPRRR repeats ([Fig. 1](#f1){ref-type="fig"}). Analysis of an HBV strain has revealed that phosphorylation mainly occurs at the SPRRR repeats \[[10](#b10){ref-type="ref"}\]. Another report shows that the core protein C‐terminal domain may be phosphorylated by SRPK1/2 in host cells \[[13](#b13){ref-type="ref"}\]. However, a more recent study revealed that although SRPK1/2 could suppress viral replication by interfering with pre‐genomic RNA packaging, the kinase activity appeared to be dispensable \[[20](#b20){ref-type="ref"}\]. Therefore, the role of SRPK1/2 in HBV core protein phosphorylation, if any, remains to be investigated.

The core protein of duck HBV is not well conserved with its human counterpart, but still contains several RS repeats ([Fig. 1](#f1){ref-type="fig"}). Phosphorylation of multiple serine residues within this region is required for first‐strand DNA synthesis during reverse transcription \[[18](#b18){ref-type="ref"}\]. Analogously, a hyperphosphorylation‐mimetic mutant of the core protein fails to accumulate dsDNA, indicating that reversible phosphorylation of the core protein is critical for completion of viral reverse transcription \[[19](#b19){ref-type="ref"}\]. However, the determination of which cellular kinases and phosphatases are responsible for such functionally related phosphorylation/dephosphorylation still requires further investigation.

Coronavirus nucleocapsid protein {#ss5}
--------------------------------

The coronavirus genome is a positive‐sense, ssRNA. Infection with coronavirus primarily causes respiratory and enteric syndromes in a wide range of animals \[[21](#b21){ref-type="ref"}\]. The nucleocapsid (N) protein is the most abundant viral protein produced throughout viral infection, and plays multiple roles in the viral life cycle, including in viral encapsidation, replication and transcription \[[21](#b21){ref-type="ref"}\]. Both the N‐terminal and C‐terminal domains of the N protein contribute to nucleic acid binding, and the latter is additionally involved in oligomerization \[[22](#b22){ref-type="ref"}, [23](#b23){ref-type="ref"}, [24](#b24){ref-type="ref"}\]. Coronavirus N proteins of different species share limited similarity with each other, but all contain an R/S‐rich segment in the central region ([Fig. 1](#f1){ref-type="fig"}). Phosphorylation may occur at multiple sites within this R/S‐rich motif \[[12](#b12){ref-type="ref"}, [25](#b25){ref-type="ref"}, [26](#b26){ref-type="ref"}\]. Experimental analyses have indicated that various cellular kinases, including cyclin‐dependent kinases, GSK, casein kinase II, mitogen‐activated protein kinases, and SRPKs, may phosphorylate coronavirus N proteins \[[11](#b11){ref-type="ref"}, [12](#b12){ref-type="ref"}\]. We have recently observed that the severe acute respiratory syndrome coronavirus (SARS‐CoV) N protein redistributes to cytoplasmic stress granules in response to environmental stress \[[12](#b12){ref-type="ref"}\]. However, such redistribution can be prevented by overexpression of SRPK1, which suggests that SRPK1 targets the N protein in cells \[[12](#b12){ref-type="ref"}\]. Nevertheless, heterogeneous phosphorylation of the N protein may indicate its dynamic phosphorylation status and perhaps multiple functions during viral infection \[[27](#b27){ref-type="ref"}\].

Phosphorylation of the RS‐rich motif may influence the biochemical activities of the N protein. Recent evidence suggests that phosphorylated infectious bronchitis virus N protein preferentially recognizes viral RNA over nonviral RNA \[[22](#b22){ref-type="ref"}\]. We recently reported that phosphorylation of the SARS‐CoV N protein within the RS motif moderately impairs its multimerization \[[12](#b12){ref-type="ref"}\]. Therefore, it is possible that the phosphorylation status of coronavirus N protein determines its activity in viral RNA transcription and packaging. Moreover, coronavirus N protein may also influence various cellular processes. Coronavirus infection causes cellular translation shutoff in the host, probably via the activity of the N protein \[[28](#b28){ref-type="ref"}\]. Our recent report shows that the SARS‐CoV N protein can suppress translation, and that this activity depends on the RS motif of SARS‐CoV N protein, but is attenuated by its phosphorylation \[[12](#b12){ref-type="ref"}\]. Therefore, we speculate that coronavirus N protein contributes to viral infection‐induced translation inhibition, which can be governed by the level of N protein phosphorylation.

Interactions between viral proteins and cellular SR proteins {#ss6}
============================================================

Several viral proteins interact with SR splicing factors {#ss7}
--------------------------------------------------------

### HPV E2 {#ss8}

As described above, the E2 protein of EV‐associated HPVs interacts with RS domain‐containing splicing factors via its RS dipeptide‐rich hinge. The interaction between an EV HPV E2 protein and a set of canonical SR proteins, including SRp20, ASF/SF2, SC35, SRp40, SRp55 and SRp75, was detected by a protein‐blotting analysis \[[9](#b9){ref-type="ref"}\]. We also detected the interaction of this E2 protein with two SR family snRNP components, U1‐70K and U5‐100kD. Therefore, the RS‐rich hinge of EV HPV E2 functions to recruit splicing factors to facilitate cotranscriptional splicing \[[9](#b9){ref-type="ref"}\].

### Herpes simplex virus (HSV)‐1 ICP27 {#ss9}

The HSV‐1 immediate‐early protein ICP27 plays multiple roles in post‐transcriptional regulation, and is essential for expression of viral late genes. ICP27 interacts with SR proteins such as SRp20 and U1‐70K \[[29](#b29){ref-type="ref"}, [30](#b30){ref-type="ref"}\]. Moreover, ICP27 modulates the kinase activity and cellular localization of SRPK1, which results in hypophosphorylation of SR proteins and, consequently, downregulation of cellular pre‐mRNA splicing \[[29](#b29){ref-type="ref"}, [30](#b30){ref-type="ref"}\]. ICP27 acts through the nuclear export receptor TAP/NXF1 of host cells to facilitate viral intronless mRNA export, and also participates in translation of viral mRNAs \[[31](#b31){ref-type="ref"}\]. Perhaps ICP27 takes advantage of its interacting SR proteins to recruit TAP/NXF1 to viral RNAs for nuclear export and even for translation activation.

### Adenovirus E4‐ORF4 {#ss10}

Adenovirus produces a complex set of alternatively spliced viral mRNAs during replication. The early region 4 (E4)‐ORF4 protein plays an important role in regulation of the IIIa pre‐mRNA splicing at the late phase of the infectious cycle \[[32](#b32){ref-type="ref"}\]. Cellular SR proteins bind to an intronic element of the IIIa pre‐mRNA to inhibit exon IIIa inclusion. E4‐ORF4 interacts directly with the SR proteins ASF/SF2 and SRp30c. Meanwhile, E4‐ORF4 recruits PP2A to dephosphorylate these SR proteins, which leads to derepression of IIIa pre‐mRNA splicing \[[33](#b33){ref-type="ref"}, [34](#b34){ref-type="ref"}\]. Moreover, adenovirus infection alters cellular localization of SR proteins \[[35](#b35){ref-type="ref"}\]. At the intermediate stages of viral infection, SR proteins and snRNPs are recruited to particular nuclear locations where viral pre‐mRNAs are transcribed and processed \[[36](#b36){ref-type="ref"}\]. Therefore, adenovirus makes efficient use of the cellular splicing machinery to facilitate its own gene expression and, in addition, adenovirus infection may profoundly alter the cellular mRNA splicing pattern.

The hepatitis C virus (HCV) core protein interacts with RNA helicase DDX3 {#ss11}
-------------------------------------------------------------------------

HCV is a major cause of chronic liver diseases, and its core protein plays an important role in hepatitis and hepatocarcinogenesis \[[37](#b37){ref-type="ref"}\]. Translation of the viral polyprotein occurs through an internal ribosome entry site (IRES) located in the 5′‐nontranslated region \[[38](#b38){ref-type="ref"}\]. This IRES‐mediated translation can be stimulated by an optimal dose of the core protein \[[39](#b39){ref-type="ref"}, [40](#b40){ref-type="ref"}\]. The core protein interacts directly with a cellular RS domain‐containing protein, DDX3 \[[41](#b41){ref-type="ref"}, [42](#b42){ref-type="ref"}, [43](#b43){ref-type="ref"}\]. DDX3 is a phylogenetically conserved member of the DEAD box RNA helicase family, and is involved in various mRNA metabolic events, including pre‐mRNA splicing, mRNA export and mRNA translation \[[44](#b44){ref-type="ref"}, [45](#b45){ref-type="ref"}, [46](#b46){ref-type="ref"}, [47](#b47){ref-type="ref"}, [48](#b48){ref-type="ref"}\]. Coincident with the HCV core--DDX3 interaction, a mild activation of HCV IRES‐mediated translation has been observed after overexpression of DDX3 \[[48](#b48){ref-type="ref"}\]. Moreover, it has also been shown that depletion of DDX3 from human hepatoma HuH‐7 cells decreases HCV RNA expression \[[49](#b49){ref-type="ref"}\]. Therefore, DDX3 not only interacts with an HCV protein but may also modulate viral activity. Notably, upregulation of DDX3 has been observed in hepatocellular carcinoma \[[50](#b50){ref-type="ref"}\]. Therefore, whether DDX3 exerts any cooperative effect with the HCV core protein on viral translation and replication control or modifies the activity of the core protein in hepatoma remains an interesting question.

HPV E1\^E4 protein interacts with SRPK1 {#ss12}
---------------------------------------

The HPV E1\^E4 protein is highly expressed in epithelial cells during the viral productive stage, and perhaps functions throughout the early and late stages of the virus life cycle \[[51](#b51){ref-type="ref"}\]. E1\^E4 protein interacts with SRPK1 through an arginine‐rich domain and an oligomerization domain, and impairs autophosphorylation of SRPK1 \[[52](#b52){ref-type="ref"}\]. In terminally differentiated cells, E1\^E4 protein also recruits SRPK1 to inclusion bodies to colocalize with HPV E4 proteins. E4 proteins exist in several different proteolytic forms, and may have multiple biological activities \[[52](#b52){ref-type="ref"}\]. E4 proteins function to promote viral DNA synthesis in suprabasal keratinocytes, where their phosphorylation occurs \[[51](#b51){ref-type="ref"}\]. Interestingly, SRPK1 can phosphorylate E4 proteins, and may modulate their function in the host \[[52](#b52){ref-type="ref"}\]. Moreover, by sequestration of SRPK1, E1\^E4 protein may perturb cellular mRNA processing and thus alter the gene expression pattern of virus‐infected cells.

Cellular SR proteins modulate viral gene expression or function {#ss13}
===============================================================

SR splicing factors modulate viral RNA splicing {#ss14}
-----------------------------------------------

Retroviruses and DNA viruses produce complicated mRNA patterns via splicing. For example, more than 40 mRNA species of HIV are generated by alternative splicing of the single primary transcript \[[53](#b53){ref-type="ref"}\]. Alternative splicing is regulated by cellular splicing factors, including SR proteins and heterogeneous nuclear ribonucleoprotein (hnRNP) proteins, which bind to the regulatory *cis*‐elements of viral mRNAs. In general, SR proteins bind to exonic splicing enhancers to facilitate the use of proximal splice sites, whereas hnRNPs inhibit splice site usage by binding to exonic or intronic splicing silencers \[[54](#b54){ref-type="ref"}\]. Extensive reviews regarding the regulation of viral RNA splicing exist elsewhere \[[53](#b53){ref-type="ref"}, [55](#b55){ref-type="ref"}, [56](#b56){ref-type="ref"}\]; therefore, we will describe only a few representative examples in this review.

In HIV‐1 pre‐mRNA, the SR proteins ASF/SF2 and SC35 bind exonic enhancer elements to activate *tat* exon 3 utilization \[[54](#b54){ref-type="ref"}\]. On the other hand, the negative regulator hnRNP A1 initially binds a high‐affinity exonic element, and subsequently occupies the upstream region of this binding site to preclude splicing activators and hence inhibit splicing. Overexpression of ASF/SF2 can antagonize the negative effect of hnRNP A1 on splicing of the HIV‐1 *tat* RNA \[[54](#b54){ref-type="ref"}\]. Moreover, ASF/SF2 promotes proximal or weak 5′‐splice site utilization of the adenovirus E1A and influenza virus M1 mRNAs \[[57](#b57){ref-type="ref"}, [58](#b58){ref-type="ref"}\]. ASF/SF2 also activates the use of the proximal 3′‐splice site of bovine papillomavirus type 1 late pre‐mRNA by binding to the enhancer elements between two alternative 3′‐splice sites \[[59](#b59){ref-type="ref"}\]. Notably, this splicing regulation occurs in a differentiation‐specific manner in keratinocytes, and can be controlled by the phosphatidylinositol 3‐kinase/Akt signaling pathway \[[59](#b59){ref-type="ref"}\]. Therefore, viral RNA splicing in host is controlled in a cell type‐dependent or time‐dependent manner, and is determined by the relative expression levels between different splicing factors.

SR proteins stimulate polyadenylation in Rous sarcoma virus {#ss15}
-----------------------------------------------------------

SR proteins also participate in regulation of mRNA polyadenylation. The simple avian retrovirus Rous sarcoma virus produces unspliced RNAs for replication. The negative regulator of splicing element within the *gag* gene acts as a decoy 5′‐splice site to be recognized by SR proteins and U1/U11 snRNPs; this, however, results in splicing inhibition \[[60](#b60){ref-type="ref"}\]. Via binding to this negative regulator of splicing element, SR proteins also recruit the 3′‐polyadenylation machinery to promote polyadenylation of unspliced RNAs \[[60](#b60){ref-type="ref"}\]. This stimulatory activity of SR proteins in polyadenylation is counteracted by hnRNP H \[[61](#b61){ref-type="ref"}\]. Therefore, SR proteins, together with other RNA‐binding proteins, coordinate the coupling of splicing and polyadenylation.

SR proteins participate in viral protein translation {#ss16}
----------------------------------------------------

SR proteins are primarily localized in the nucleus; however, a subset of SR proteins, including SRp20, 9G8 and ASF/SF2, shuttle continuously between the nucleus and the cytoplasm \[[6](#b6){ref-type="ref"}\]. The shuttling SR proteins may participate in mRNA export and exert translation control. ASF/SF2 activates cap‐dependent translation via its binding to the exonic splicing enhancers of mRNAs \[[62](#b62){ref-type="ref"}\]. In addition, SR proteins can facilitate IRES‐mediated translation \[[63](#b63){ref-type="ref"}\]. Translation of the poliovirus genome is mediated through an IRES within the 5′‐noncoding region. SRp20 probably cooperates with the poly(rC) binding protein 2, which directly binds to the poliovirus IRES, to facilitate viral IRES‐mediated translation \[[63](#b63){ref-type="ref"}\].

Simple retroviruses mediate the export of unspliced viral mRNAs and genomic RNA through the constitutive transport element (CTE) within the retained introns \[[64](#b64){ref-type="ref"}\]. In host cells, the nuclear export factor TAP/NXF1 directly binds the Mason--Pfizer monkey virus CTE to facilitate unspliced viral RNA export \[[64](#b64){ref-type="ref"}\]. However, TAP/NXF1‐mediated mRNA export in general involves adaptors such as shuttling SR proteins, which may subsequently promote translation \[[62](#b62){ref-type="ref"}, [65](#b65){ref-type="ref"}\]. Coincidently, a recent report shows that the TAP‐interacting and shuttling SR protein 9G8 can enhance translation of the CTE‐containing viral RNAs by promoting their association with polysomes \[[66](#b66){ref-type="ref"}\]. Thus, shuttling SR proteins could provide links between mRNA export and translation control for both cellular and viral mRNAs.

SR proteins affect viral production {#ss17}
-----------------------------------

SR proteins have a broad range of effects on viral gene expression. However, it is still not well understood how SR proteins affect various viral activities in the host. An *in vivo* analysis has revealed that overexpression of SR proteins reduces the yield of HIV genomic RNA and structural proteins, perhaps through their general activity in splicing promotion, and thereby downregulates virion production \[[67](#b67){ref-type="ref"}\]. However, different SR proteins give rise to different viral RNA splicing patterns \[[68](#b68){ref-type="ref"}\]. For example, ASF/SF2 overexpression increases the *vpr* mRNA expression level, whereas SC35 and 9G8 overexpression promotes production of *tat* mRNA. This is probably because each SR protein prefers its own specific binding elements on viral RNA. Moreover, phosphorylation of SRp75 can significantly enhance HIV expression \[[69](#b69){ref-type="ref"}\], suggesting that modulation of SR protein phosphorylation levels may also have an effect on viral production.

Viral infection affects cellular SR proteins {#ss18}
============================================

Changes in SR protein expression level {#ss19}
--------------------------------------

To optimize the cellular environment for viral life cycle progression, viruses may profoundly alter the proteomes of the infected cells through various mechanisms, such as modification of host cell gene expression patterns, microRNA levels, or cellular signaling pathways. Conceivably, viruses also modify cellular SR proteins in order to take control of the host cell RNA splicing machinery.

It has been observed that, during persistent infection by HIV‐1 in macrophages, SC35 expression level initially increases and then declines \[[70](#b70){ref-type="ref"}\]. Overexpression of SC35 can specifically increase *tat* mRNA expression \[[68](#b68){ref-type="ref"}\]. Perhaps, to facilitate viral activity, HIV induces SC35 expression in the host during a specific time window. HPV‐16 infection upregulates the expression of both ASF/SF2 and its antagonistic factor hnRNP A1 in differentiated epithelial cells \[[71](#b71){ref-type="ref"}\]. Therefore, HPV may utilize these cellular factors to coordinate appropriate alternative splicing control of viral late transcripts.

Changes in SR protein phosphorylation {#ss20}
-------------------------------------

Viruses modulate cellular SR protein phosphorylation levels and thereby affect viral and cellular pre‐mRNA splicing by several distinct mechanisms. As described above, the adenovirus E4‐ORF4 protein recruits PP2A to dephosphorylate SR proteins, and thereby activates IIIa pre‐mRNA splicing \[[35](#b35){ref-type="ref"}\]. The HSV ICP27 protein instead interacts with and inactivates SRPK1, which also results in hypophosphorylation of SR proteins and hence pre‐mRNA splicing inhibition \[[30](#b30){ref-type="ref"}\]. Moreover, adenovirus infection induces *de novo* synthesis of ceramide followed by nonapoptotic cell death, and adenovirus E4‐ORF4 can act through this ceramide signaling pathway to modulate SR protein phosphorylation levels \[[72](#b72){ref-type="ref"}\]. This is reminiscent of the scenario of FAS ligand‐induced ceramide accumulation, which results in dephosphorylation of SR proteins and, hence, changes in alternative splicing patterns \[[73](#b73){ref-type="ref"}\]. Similarly, infection of vaccinia virus induces dephosphorylation and inactivation of SR proteins \[[74](#b74){ref-type="ref"}\]. Vaccinia virus encodes its own dual‐specificity PP, VH1, and thus its infection causes more severe dephosphorylation of SR proteins than adenovirus and HSV \[[74](#b74){ref-type="ref"}\].

Manipulating SR protein phosphorylation levels in the host may be an antiviral strategy. It has been shown that reduced activity of SR proteins resulting from viral infection can be recovered by overexpression of SR proteins or by their rephosphorylation in the host cells \[[74](#b74){ref-type="ref"}\], and that HIV expression can be greatly increased when SRp75 is phosphorylated by SRPK2 \[[69](#b69){ref-type="ref"}\]. Therefore, SR protein phosphorylation inhibitors can be used as antiviral agents \[[75](#b75){ref-type="ref"}\].

Conclusion and perspectives {#ss21}
===========================

In this review, we discuss the interplay between viral and cellular SR proteins in the regulation of both viral and host gene expression ([Table 1](#t1){ref-type="table"}). Through the RS domain or R/S‐rich motifs present in viral proteins, a virus may efficiently make use of the cellular splicing machinery to benefit its own gene expression. Phosphorylation of the RS domain can modulate the biological function of viral SR proteins, which may in turn impact on viral gene expression or other activities ([Fig. 2](#f2){ref-type="fig"}). Moreover, through interactions with cellular SR proteins or by modifying their phosphorylation status, several non‐SR viral proteins may interfere with cellular gene expression at the post‐transcriptional level ([Fig. 2](#f2){ref-type="fig"}). Cellular SR proteins and their cooperative or antagonistic factors may play a critical role in the life cycle control of viruses, which involves a series of alternative splicing events for expression of viral genome or proteins. However, if the expression of these host factors is spatially or temporally controlled, viral RNA splicing patterns may differ between cell types and differentiation stages. Nevertheless, there is still much to learn about how viruses undergo alternative splicing in various host cell environments.

###### 

 Functional interplay between viral proteins and cellular SR proteins as well as SR kinases/phosphatases.

  Viral protein         Cellular proteins   Function                            Reference
  --------------------- ------------------- ----------------------------------- --------------------------------------------------------------------------------------------------------------------
  SR proteins                                                                   
   EV HPV E2            SR                  Splicing activation                 \[[9](#b9){ref-type="ref"}\]
   HBV core             SRPK1/2             Viral replication                   \[[13](#b13){ref-type="ref"}\]
   SARS‐CoV N           SRPK1 (?)           Translation inhibition              \[[12](#b12){ref-type="ref"}\]
  Non‐SR proteins                                                               
   HSV ICP27            SR and SRPK1        Splicing inhibition                 \[[29](#b29){ref-type="ref"}, [30](#b30){ref-type="ref"}\]
   Adenovirus E4‐ORF4   SR and PP2A         Splicing regulation                 \[[33](#b33){ref-type="ref"}, [34](#b34){ref-type="ref"}\]
   HCV core             DDX3                Viral translation and replication   \[[41](#b41){ref-type="ref"}, [42](#b42){ref-type="ref"}, [43](#b43){ref-type="ref"}, [49](#b49){ref-type="ref"}\]
   HPV E1\^E4           SRPK1               Cellular RNA processing (?)         \[[52](#b52){ref-type="ref"}\]

![ Viral and host gene expression is modulated through the interplay between viral proteins and cellular SR proteins. (A) Viral SR proteins (rectangle) recruit cellular SR proteins (oval) to promote splicing efficiency and/or modulate alternative splicing of viral transcripts. (B) Phosphorylation of viral proteins in the S/R‐rich motif may modulate their function and thereby influence viral and cellular activities. (C) Non‐SR viral proteins (rectangle) may interact directly with cellular SR proteins (purple oval) or modulate their phosphorylation status via SR protein kinases or phosphatases (green oval) and thereby determine the splicing patterns of both viral and cellular RNAs. In general, viral infection may influence the cellular splicing machinery, particularly SR proteins, thereby altering viral and host cell gene expression at the post‐transcriptional level.](FEBS-276-1517-g002){#f2}

The interplay between viral and cellular SR proteins certainly has a substantial effect on post‐transcriptional control of both viral and host gene expression. Although this process is not yet well understood, cellular SR proteins have been implicated as antiviral targets or therapeutic agents. When tethered to a pre‐mRNA, a synthetic RS repeat‐containing peptide is able to rescue defective splicing caused by mutations in the *cis*‐regulatory element \[[76](#b76){ref-type="ref"}\]. Indole derivatives have been used to reduce HIV‐1 RNA synthesis and viral particle assembly by specifically interfering with the splicing activity of ASF/SF2, which is involved in the expression of HIV‐1 viral proteins \[[77](#b77){ref-type="ref"}\]. To modulate the phosphorylation level of SR proteins, SR protein kinase inhibitors have recently been developed \[[75](#b75){ref-type="ref"}\]. An inhibitor specific to SRPK1/2 can suppress HIV expression, perhaps by inactivating SRp75 \[[69](#b69){ref-type="ref"}\]. Moreover, downregulation of a specific SR protein using RNA interference may be useful in manipulating viral activity. Certainly, a more comprehensive understanding of post‐transcriptional regulation governed by viruses will benefit the future development of antiviral strategies.
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